The multiple-access interference (MAI) encountered b-y Direct-Sequence Code-Division Multiple Access (DS-CDMA) users in a multipath environment is a key issue in the detection of mobile communication users. The MAI is one of the major reasons ,for the degradation in performance of multiuser communication systems over singleuser systems. Although the optimum detection technique, Maximum-Likelihood Sequence Estimation (MLSE), is well known, its complexity is exponential with the number ef users, which makes it computationally unattractive. This paper presents a multiuser detector that perlforms close to the optimum MLSE while drastically reducing the decoding complexity. The detection technique is based on a channelshortening algorithm and will allow for group detection of a subset of the users via the MLSE.
Introduction
Multiple-access communication refers to a type of multiuser communication technology in which several users transmit over a common channel. One every-day example is a wireless cellular phone environment in which many users are simultaneously transmitting to a common base station. The received signal at the base station is a superposition of the users' signals distorted by noise. The main objective of the receiver is to approximate with low probability of error the information message transmitted by each user.
One type of multiple-access technology which has become very popular over the last few years is direct-sequence Code-Division Multiple Access (DS-CDMA). With this non-orthogonal technique, each user is assigned a distinct signature waveform, and because the signature waveforms are correlated, the conventional single-user detector is no longer optimal. The conventional matched-filter detector used with the orthogonal Time-Division Multiple Access (TDMA) and Frequency-Division Multiple Access (FDMA) techniques consists of a bank of filters, each matched to the orthogonal waveform of the user, followed by a sampler and threshold device. However, this type of detector is suboptimal in the presence o f multiple-access interference (MAI) caused by the presence of other nonorthogonal users [ 5 ] . Because the matched-filter detector ignores the interference from other users and treats it as additive noise, the MA1 may cause severe degradation in system performance.
The optimum receiver for synchronous CDMA, developed by Verdu, exploits the structure of the MA1 and is defined as the receiver that selects the most probable sequence of bits given the received signal [SI. The optimum detection rule is the Maximum-Likelihood (ML) rule, which is equivalent to the minimum-distance rule for the Additive White Gaussian Noise (AWGN) channel. Jointly optimum decisions are obtained by a Maximum-Likelihood Sequence Estimator (MLSE) that selects the most likely sequence of transmitted bits by all of the users given the received sequence.
In detecting the transmitted bits, all possible noise-free received vectors are calculated. The vector that has the smallest distance to the actual received vector is chosen as the most likely transmitted sequence ofbits. For the X-user synchronous system with antipodal modulation, each user transmits either +1 or -1 during each time slot. Thus, there are 2" different possible transmitted bits at each time slot.
It is obvious that for a large number of users, the complexity is enormous. Consequently, the optimum multiuser detector is unrealizable for most practical applications. This inefficiency of the optimum detector has motivated researchers to develop less computationally-intensive suboptimum receivers.
One such category of suboptimal detection is group detection, in which the users are partitioned into groups, with one group detected at a time. With a parallel group detection scheme, the detectors operate independently and simultaneously. In a sequential scheme, successive interference cancellation is employed and each group detector uses the de- We introduce a group detection technique that uses a channel-shortening method to cancel the effects of the users outside of the group. The outline of the paper is as follows. Section 2 presents a mathematical model for the multiuser communication system. Section 3 derives the channel-shortening multiuser detector. Section 4 provides simulation results for various scenarios. Finally, conclusions are made in Section 5.
The Communication Model
We assume the synchronous CDMA model with antipodal modulation adopted from [5], where the received signal at time t is given by:
where T is inverse of the data rate in seconds K is the number of users s k ( t ) is the signature waveform assigned to the kth user Ak is the path gain of user k bk E { -1, f l } is the bit transmitted by the kth user 7 4 t ) is a zero-mean complex Additive White Gaussian Noise (AWGN) process with a power spectral density of .Vo/2 per dimension.
We assume perfect channel estimation, so that the receiver has full knowledge of the path gains, A k . Additionally, the unique signature waveforms assigned to each user, also known to the receiver, are normalized to unit energy and have cross-correlation given by
LT where pz, = p3i.
for a K-user system is The cross-correlation matrix of the signature waveforms I. 
Channel-Shortening Multiuser Detector
The system model has K mutually interfering users and thus, the multiuser channel has K taps. The optimum multiuser detector, the MLSE, finds the most likely sequence of bits of the K users given the observation r with complexity of 2 K . However, for large K , the MLSE is too computationally complex to be implemented in practice. The multiuser detector developed in this research is composed of two steps, as shown in Figure 1 . First, the channel memory is reduced from K to L by the application of a linear channel-shortening technique to the received vector, r.
This technique makes it appear as if there were only L users in the initial system by suppressing the other K -L users.
In the second step, the result is fed into the optimum detector, which performs MLSE on the output of the shortened channel. Consequently, the decoding complexity is reduced from 2K to 2L, L (< K .
The idea of channel shortening for multiuser detection was inspired by the impulse response shortening technique developed by Al-Dhahir and Cioffi in [ 1, 2] for equalization in Digital Subscriber Lines (DSL). However, the following mathematical derivation of the channel-shortening multiuser detector differs significantly from that of the equalizing channel-shortening technique. We wish to shorten the K-tap multiuser channel to L taps in order to detect the bits transmitted by a subset of L users from the set of A ' users. We call the subset of users to be detected and suppressed UD and U S , respectively. Next, we define a weighting vector which will multiply r to achieve the channel shortening. We assign the columns of 51 to be n K = AK [ P l K P2K . . 
(18)
The task of choosing the group of users to detect, U D , is not a trivial one and adds a level of optimization to the above problem. However, when the cross-correlations of the signature waveforms are equal, p l j = p, the problem becomes easy. From here on, we will assume that the signature waveforms have equal cross-correlations.
In the case of a fading channel, where the users' received powers are not necessarily equal, the users are detected according to the received power, with the L highest-power users detected first. Following the detection of the L users, we perform successive interference cancellation to cancel the MA1 inflicted by the L users onto the rest of the K ~ L users not yet detected. Then, we recompute the variables used in the optimization and apply the channel shortening to the next L users. This procedure is repeated until all users have been detected. In the equipower case, where the received user powers are the same, any L users can form the detection group, L T~.
With the multiuser detection scheme described above, a group of L users are jointly detected using the MLSE with a complexity of 2 L . Since there are K users, the channelshortening multiuser detection procedure will be employed K I L times, with a groups of L users being detected each time. We ignore the complexities associated with Cholesky factorization and triangular matrix inversion since they are negligible compared to the complexity of the MLSE. Thus, the channel-shortening detector has complexity F 2 L , L << K , which is a significant gain over the 2 complexity of the MLSE.
Simulation Results
We now present simulation results showing the performance, in terms of bit-error-rate (BER), of the channelshortening detector derived above. We first apply this detector to the equipower case, when the users' received signals are assumed to have equal power. The path gains, &, are set to 0.5 + j0.5, where j = a. Figure 2 shows the performance when 15 equipower users are detected three at a time using the channel-shortening detector. The cross-correlation matrix has the form of (3) with pi, = -1/15, 1 5 z , j 5 15. We observe a significant improvement in performance over the conventional matchedfilter detector. 
equipower users
In the Rayleigh fading case, the signals transmitted from different users undergo independent fades, and the path gains are modeled as samples of independent complex Gaussian random variables with mean zero and variance 0.5 per dimension. We assume quasi-static fading in which the Aks are constant during a frame of 100 bits and vary from frame to frame. 0-7803-6728-6/01/$10.00 02001 IEEE. Figure 3 compares the performance of the channelshortening multiuser detector to the conventional matchedfilter detector applied to 15 users communicating over a Rayleigh fading channel. The users' signature waveforms exhibit the same cross-correlation properties as in the equipower case above. Following the channel shortening, we detect three users at a time using successive interference cancellation, and once again, observe an enormous gain in performance over the conventional matched-filter detector. For both of the cases above, the channel is shortened to three taps, yielding a decoding complexity of 5 . 2 3 versus the 215 complexity of the MLSE detector. We note the tradeoff between complexity and performance of the channel-shortening multiuser detector. If we keep all K taps in the channel by letting U 0 = { 1 , 2 , . ... K } , the channel-shortening detector becomes the MLSE, and we achieve optimum performance with 2 complexity. As we decrease the number of taps we keep in the channel, complexity decreases at the expense of performance.
Conclusions
In this paper, we derived a channel-shortening technique that strengthens the presence of the group of users to be detected while suppressing the interference of users outside the group and the noise. This technique was combined with the MLSE to yield a multiuser detector that achieves nearoptimum performance with a significant decrease in complexity. From the simulation results, we observe the ability of the channel-shortening detector to perform close to the single-user bound at reasonable complexity.
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